The Sir2 histone deacetylases are important for gene regulation, metabolism, and longevity. A unique feature of these enzymes is their utilization of NAD ؉ as a cosubstrate, which has led to the suggestion that Sir2 activity reflects the cellular energy state. We show that SIRT1, a mammalian Sir2 homologue, is also controlled at the transcriptional level through a mechanism that is specific for this isoform. Treatment with the glycolytic blocker 2-deoxyglucose (2-DG) decreases association of the redox sensor CtBP with HIC1, an inhibitor of SIRT1 transcription. We propose that the reduction in transcriptional repression mediated by HIC1, due to the decrease of CtBP binding, increases SIRT1 expression. This mechanism allows the specific regulation of SIRT1 in response to nutrient deprivation.
redox ͉ NAD ϩ ͉ NADH S ir2 enzymes, collectively called sirtuins, have been linked to aging and age-related diseases including cancer, diabetes, and neurodegenerative disorders. These enzymes are unique among histone deacetylases in that they require NAD ϩ as a cosubstrate (1) . As such, their activity has been postulated to respond to changes in cellular metabolism (2) (3) (4) . Although it was initially proposed that calorie restriction stimulates Sir2 activity and extends lifespan in yeast by increasing NAD ϩ levels (2, 5, 6) , other regulators of Sir2 enzyme activity, such as nicotinamide, have also been suggested (7) . In metazoan systems, regulation may additionally occur at the level of Sir2 expression. In Drosophila, for example, the extension of lifespan induced by calorie restriction is associated with an increase in Sir2 mRNA, suggesting that regulation occurs, at least in part, at the level of Sir2 transcription (8) . In addition, both calorie restriction and fasting have been found to cause a substantial increase in levels of the Sir2 homologue, SIRT1, in brain, fat, and liver of intact rodents (9, 10) . Mechanisms underlying the transcriptional regulation of Sir2 isoforms are poorly understood.
Another nuclear protein involved in metabolic sensing, the transcriptional corepressor CtBP, has also been proposed to be regulated by nicotinamide adenine dinucleotides (11) . CtBP, so named because it was initially characterized as the adenovirus E1A carboxyl terminus binding protein, participates in a wide variety of transcriptional pathways (for review, see ref. 12). In contrast to Sir2, CtBP is affected by both NAD ϩ and NADH (11, 13, 14) . Although free NAD ϩ (presumably the relevant fraction for Sir2 regulation) cannot be measured directly, the ratio of cytoplasmic free NAD ϩ :NADH can be derived from the lactate and pyruvate concentrations (15) . Under resting conditions, this ratio is Ϸ600-700, indicating that free NAD ϩ levels greatly exceed those of NADH. Because the free nicotinamide adenine dinucleotides should readily pass through the nuclear membrane, this ratio should be the same within the nuclear compartment. The concentration of free NADH in the nucleus is Ϸ100 nM, as determined by using two-photon fluorescence microscopy (11) . Combining the experimentally determined value for NADH with the ratio of nicotinamide adenine dinucleotides derived from the lactate:pyruvate ratio, one can estimate the free NAD ϩ to be Ϸ70 M, a value reasonably close to the K m for Hst2, a cytoplasmic Sir2 isoform (16) . Thus, although the concentration of free NAD ϩ in the nucleus is appropriate for it to serve as a regulator of Sir2 enzyme activity, the high NAD ϩ :NADH ratio in resting cells suggests that free NAD ϩ levels remain fairly constant. Consequently, NAD ϩ may only serve as a Sir2 regulator under certain circumstances, such as DNA damage, which stimulates poly(ADP-ribose) polymerase activity and thereby reduces NAD ϩ levels (17) . If Sir2 responds to changes in cellular metabolism, it is likely to be through other mediators.
In this report, we show that nutrient deprivation specifically regulates one mammalian Sir2 isoform, SIRT1, through the redox-sensing ability of the transcriptional corepressor, CtBP. CtBP has previously been shown to mediate the hypoxia-induced repression of E-cadherin (18) . We show here that the redox changes induced by the glycolytic inhibitor 2-deoxyglucose (2-DG) decrease CtBP interaction with the transcriptional repressor, HIC1 (hypermethylated in cancer; 19) . Because HIC1 binds to the SIRT1 promoter (20) , the consequent reduction of CtBP recruitment decreases transcriptional repression and induces SIRT1 expression. Thus, although SIRT1 uses NAD ϩ as a substrate, its metabolic regulation in response to 2-DG occurs, at least in part, at the level of transcription via the redox sensor CtBP. This mechanism allows the dynamic and specific regulation of SIRT1 in response to acute metabolic changes.
Results

2-DG
is commonly used to block glycolysis in cell culture models. We consequently asked whether this agent affected glycolysis in primary human fibroblasts (CCD) as monitored by measurement of the lactate:pyruvate ratio and nuclear NAD(P)H f luorescence. The levels of pyruvate and lactate were measured as described by Williamson et al. (15) , taking care to analyze the samples immediately after harvesting. Treatment with 10 mM 2-DG decreased the lactate:pyruvate ratio by 2.6-fold (Fig. 1A) . This ratio was used to calculate the NAD ϩ :NADH ratio according to the following equation:
where K is the equilibrium constant for lactate dehydrogenase. Because there is no barrier to the diffusion of free nicotinamide adenine dinucleotides between the cytoplasmic and nuclear compartments, these measurements should also ref lect the free nuclear 
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ϩ :NADH ratio. Control cells had an NAD ϩ :NADH ratio of 550. After treatment with 2-DG, this ratio increased to 1,430. Therefore, assuming that the NAD ϩ concentration remains relatively constant, the free NADH concentration should decrease by 2.6-fold after 2-DG treatment. To confirm this, we used two-photon f luorescence microscopy. The intensity of the nuclear NAD(P)H f luorescence (the sum of the NADH and NADPH signals) decreased by Ϸ40% upon 2-DG treatment (Fig. 1B) . Previous studies have shown that NADH constitutes about a third of the NAD(P)H signal under resting conditions (21) and that 2-DG only minimally decreases the NADPH component (22) . Thus, the 40% reduction in total NAD(P)H signal represents a decrease in free NADH that is consistent with the pyruvate and lactate measurements. We conclude from these studies that 2-DG effectively changes the redox status of primary CCD fibroblasts. SIRT1 transcription is repressed by HIC1 (20) , whose function depends in part on its interaction with the corepressor, CtBP (23) . We reasoned, therefore, that conditions that decreased the association of HIC1 with CtBP would decrease the HIC1-mediated repression, hence increasing SIRT1 expression. To assess whether 2-DG affected CtBP binding to HIC1, we performed coimmunoprecipitation assays. Under control conditions, the association of HIC1 and CtBP was readily apparent ( (24), we treated cells with pyruvate, which similarly reduces free NADH levels (18) , and obtained identical results (data not shown).
According to our model, CtBP recruitment to the SIRT1 promoter occurs through HIC1 (20) . To assess whether 2-DG affects CtBP binding to the SIRT1 promoter, we performed ChIP assays ( Fig. 2A ). 2-DG markedly decreased CtBP recruitment, and this change was accompanied by an increase in SIRT1 transcript levels ( Fig. 2B ) and SIRT1 protein (Fig. 2C) . Thus, we suggest that 2-DG regulates SIRT1 expression by reducing HIC1 binding to CtBP.
HIC1 levels are relatively low in transformed cells (25) , which allowed us to assess its involvement in the SIRT1 response to 2-DG. Fig. 3A compares HIC1 levels in primary CCD fibroblasts and H1299 lung carcinoma cells. The relative lack of HIC1 in H1299 cells is associated with a corresponding reduction in the SIRT1 response to 2-DG (Fig. 3A Right) . To confirm that this lack of response was due to the absence of HIC1, we transfected H1299 cells with a HIC1 expression vector (23) . Addition of HIC1 reduced SIRT1 transcript levels and restored the response to 2-DG (Fig. 3B Left) . We also tested a mutant HIC1 that lacked To directly test the contribution of CtBP in SIRT1 regulation, we examined mouse embryonic fibroblasts (MEFs) from CtBP knockout mice (26) . SIRT1 transcript levels were increased in the knockout line as compared with similar cells from heterozygotes (Fig. 4A) . We also tested an siRNA capable of knocking down CtBP1 and CtBP2 (27) (Fig. 4B Left) . Knockdown of CtBP in HIC1-containing primary CCD cells elevated SIRT1 levels and blocked the response to 2-DG (Fig. 4B Right) . Taken together, these studies confirm the roles of HIC1 and CtBP in SIRT1 expression.
Next, we tested whether SIRT1 transcription is regulated in the opposite direction through hypoxia, which increases NADH concentration by Ϸ4-fold (18) . Overnight exposure of cells to hypoxia (1% O 2 ) lowered levels of SIRT1 transcript (Fig. 5A ). This effect was partially blocked by treatment with pyruvate, which drives NADH to NAD ϩ (18) . A complete reversal of the hypoxia effect occurred after treatment with 2-DG. Interestingly, 2-DG treatment specifically induced the expression of SIRT1 but not the other mammalian Sir2 isoforms (Fig. 5B) .
Discussion
Nicotinamide adenine dinucleotides derive their biological functions by regulating NAD ϩ /NADH-dependent enzymes, such as the dehydrogenases and reductases, and by serving as substrates for the poly(ADP-ribose) polymerases, which have recently been linked to transcriptional control (28) in addition to their well known role in DNA repair. The involvement of NAD ϩ in sirtuin regulation and NADH in CtBP function provide two additional examples of nicotinamide adenine dinucleotide control of gene expression. The idea that NAD ϩ and NADH can serve as second messengers in gene regulation pathways has stimulated interest in this possible link between energy metabolism and cellular functions.
The requirement for NAD ϩ as a cosubstrate (1) has suggested that sirtuin activity is regulated by changes in cellular metabolism. According to this model, calorie restriction increases NAD ϩ levels, which activates Sir2 function and leads to the deacetylation of critical protein targets (29) . This idea does not consider the compartmentalization of nicotinamide adenine dinucleotides, the fact that much of the NAD ϩ and NADH is bound to protein and thereby incapable of participating in Sir2 regulation, or the vast excess of free NAD ϩ over NADH. The latter observation, in particular, predicts that the interconversion of NADH and NAD ϩ causes large changes in free NADH levels but has little effect on free NAD ϩ . Thus, even though the free NAD ϩ concentration is near the K m for Sir2, the magnitude of the NAD ϩ changes may be too small to affect Sir2 function significantly.
In contrast, free NADH may be better suited to serve as a Sir2 regulator, especially under acute conditions. Although this model has been proposed (4), the NADH level required to inhibit Sir2 in vitro is considerably higher than that its free nuclear concentration. Interestingly, the concentration of free nuclear NADH is approximately the same as the level required for stimulating half-maximal binding of CtBP to associated proteins (11) . One explanation for our findings, therefore, is that the reduction in free nuclear NADH caused by 2-DG treatment decreases association of CtBP with HIC1. The resultant reduction in HIC1-mediated repression could then increase SIRT1 transcription (see Fig. 6 ). Hypoxia, which increases free nuclear NADH levels, changes SIRT1 transcription in the opposite direction, consistent with the observation that this stimulus, and the consequent increase in free NADH, increases recruitment of the CtBP corepressor. Currently, we cannot determine definitively whether the changes in NADH directly alter CtBP function or whether they reflect some other aspect of cellular redox state. For example, it is possible that redox changes induced by 2-DG other than the decrease in NADH lead to posttranslational modifications in CtBP that affect its association with HIC1 and potentially other binding proteins (Fig. 6) . Experiments are currently in progress to examine this possibility. Nonetheless, the ability of pyruvate or 2-DG treatment to block the effect of hypoxia on SIRT1 transcription supports the idea that the redox-sensing ability of CtBP plays an important role in SIRT1 transcriptional regulation. Notably, our findings differ somewhat from those of Rodgers et al. (10) . Rodgers et al. report an increase in SIRT1 protein, but not mRNA, in the livers of fasted mice. Our studies indicate that both SIRT1 mRNA and protein are induced by 2-DG treatment. This discrepancy may be due to differences between our cell culture model and their use of intact animals or differences between 2-DG treatment and fasting. Rodgers et al. also monitor the total nicotinamide adenine dinucleotide concentrations, whereas we consider only the free components. Several studies suggest that the free nicotinamide adenine dinucleotide pool might be more meaningful for regulation of cellular, and particularly transcriptional, proteins. As mentioned above, the estimated concentration of free nuclear NAD ϩ is reasonably close to the K m for the cytoplasmic Sir2 isoform, Hst2 (16) . The K m values for several of the other sirtuins are also in this range (30) , supporting the idea that the free, rather than total, NAD ϩ is most relevant for sirtuin function. Similarly, detailed studies of glyceraldehyde 3-phosphate dehydrogenase, an enzyme structurally related to CtBP, have shown that the binding constants for NAD ϩ and NADH are 64 M and 40 nM, respectively, implying that this enzyme also senses the free, rather than total nicotinamide adenine dinucleotide pool (31) . Other dehydrogenases and reductases (i.e., lactate dehydrogenase and L-␣-glycerophosphate dehydrogenase) have similar properties (32, 33) , as does poly(ADP-ribose) polymerase (K m for NAD ϩ ϭ 59 M; 34). In addition, Garriga-Canut et al. (35) have reported that the neuron-restrictive silencer factor-CtBP interaction is disrupted by 100 nM NADH, and Zheng et al. (36) determined that the concentration of NAD ϩ capable of activating OCA-Bdependent transcription in vitro is 100 M.
The various Sir2 isoforms have distinct biological properties (37-42), but little is known about their transcriptional control. Unlike the regulation of enzyme activity through NAD ϩ , which would affect all Sir2 isoforms, the transcriptional mechanism that we have proposed is specific for SIRT1. Thus, by using the HIC1-CtBP pathway, nutrient deprivation, as induced by 2-DG, is able to signal to a specific histone deacetylase isoform. Evidence for transcriptional regulation of sirtuins has been described previously, but this report provides the first description of how this regulation is achieved. How this mechanism relates to more chronic changes in nutrient availability is not known. Elevated levels of Sir2 in yeast cause lifetime extension, but it is not clear how this process relates to the mechanisms underlying lifetime extension in other organisms. Similarly, in metazoan systems, evidence suggests that calorie restriction is associated with lifespan extension, but the role of Sir2 is controversial (43) .
Finally, it should be acknowledged that regulation at the level of transcription is somewhat unusual as a mechanism for controlling enzyme activity. The existence of enzyme haploinsufficiency disorders, as well as the clear dosage effects of Sir2 itself in several experimental systems (44, 45) , support the idea that alterations in enzyme concentration can have important consequences, however. Moreover, many enzymes (particularly those involved in transcriptional regulation, such as Sir2) function within multiprotein complexes (46) . Changes in their levels, as opposed to their specific activities, can affect the functions of associated proteins and thereby influence multiple biological processes.
Methods
Chemicals and Reagents. 2-DG, pyruvate, lactate, lactate dehydrogenase, anti-FLAG M2 matrix, and anti-␣-tubulin antibody were purchased from Sigma (St. Louis, MO). Anti-CtBP antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA) and Upstate Biotechnologies (Lake Placid, NY). Anti-HIC1 antibody was described by Deltour et al. (23) .
Plasmids. HIC1 expression vectors were described by Deltour et al. (23) . siRNA oligonucleotides for CtBP (5Ј-GGG AGG ACC UGG AGA AGU UdTdG / dGdTCCC UCC UGG ACC UCU UCAA-5Ј) were from Dharmacon Research (Boulder, CO). Scramble II Duplex was used as control.
Cell Culture. The H1299 human non-small cell lung cancer cell line, CCD human primary fibroblasts, and MEFs were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) with 10% FCS (HyClone, Logan, UT) and antibiotics (Invitrogen). Incubation was at 37°C under 5% CO 2 in air. The hypoxia chamber (1% O 2 , 5% CO 2 , 94% N 2 ) has been described (11) . CCD cells were transfected with 100 nM oligonucleotides and, 3 days later, the expression of human CtBP was assayed by Western blotting using an anti-CtBP antibody.
Coimmunoprecipitation and Western Blot Analysis. Cells were lysed in 50 mM Tris⅐HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate including proteinase inhibitors (Roche Diagnostics, Indianapolis, IN). Lysates were centrifuged at 13,000 ϫ g for 20 min at 4°C, and the supernatants were immunoprecipitated by anti-FLAG or anti-CtBP antibodies and then separated by SDS/PAGE (8% acrylamide) and transferred onto PVDF membranes (Millipore, Bedford, MA). The membranes were blocked in Tris-buffered saline with 0.2% Tween 20 (TBST; 0.2 mol/liter NaCl, 10 mmol/liter Tris, pH 7.4, 0.2% Tween-20) containing 5% nonfat dry milk and 0.02% NaN 3 for 1 h, then incubated with antibodies against HIC1, CtBP, or ␣-tubulin in TBST containing 1% nonfat dry milk. The membranes were then incubated with goat anti-rabbit (for HIC1 and CtBP) or goat anti-mouse (for ␣-tubulin) immunoglobin (BioRad, Hercules, CA) in TBST containing 1% nonfat dry milk. Bound antibodies were detected with an enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ).
RT-PCR. RNA was extracted by using an RNeasy kit (Qiagen, Valencia, CA). RNA treated with DNase I (Ambion, Austin, TX) was used for reverse transcription. RNA was incubated with oligo(dT) primers (Invitrogen) and 1 mM dNTPs at 65°C for 5 min, cooled on ice, then incubated with 10 mM DTT, 5ϫ buffer, and RNasin (Promega, Madison, WI) RNase inhibitor at 42°C for 2 min. Reverse transcription was performed by using Super 
